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A pneumatic valve controlled microdevice for bioanalysis
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This paper describes a pneumatic valve controlled microdevice for performing mixing
and reaction. This microdevice combined the degassed polydimethylsiloxane (PDMS)
pumping method with a syringe-actuated valve system to control the dispensing and
mixing of nanoliter solutions. The syringe was used to manually generate vacuum and
to open the valves. Upon the opening of the valve, the microchamber was filled
with the solution, which was driven by the external atmosphere through the
degassed PDMS microchannel. With this microdevice, the enzymatic kinetics of
alkaline phosphatase converting the fluorescein diphosphate was studied, and the
Michaelis-Menten kinetics was analyzed. The microdevice has the advantages of
simplicity and low cost in fabrication and operation. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4826158]

. INTRODUCTION

To automate serial assays and reduce the reagent consumption, flow injection analysis was
developed in the 1970s as a general solution-handling and data-collection technique.'* Lately,
many microfluidic platforms emerged to further improve the solution-handling and reduce reagent
consumption in chemical analysis. Typical microfluidic platforms for analysis include hydrody-
namic fo<:using,3’4 droplet,”® digital microfluidics,”® microreactor array,””'? etc. Both hydrody-
namic focusing and droplet methods are capable of rapid mixing within us to ms and therefore
are appropriate for analyzing rapid kinetics. However, the reagent consumption in both the hydro-
dynamic focusing and droplet methods is relatively large due to the fast continuous flow during
the analysis. The digital microfluidics and microreactor array platforms have the advantage of
smaller reagent consumption, although the mixing time is usually in seconds.””'! In digital micro-
fluidics, the fabrication of the microchip coupled with electrodes is complex and the hydrophobic
electrode surface required by electrowetting is prone to the protein deposition,® which limit the
application of digital microfluidics. The microreactor array platforms are simple to fabricate.
However, the microwell array-based platform relies on manual operation including alignment,
leaving room for improvement in automation and operation consistency.

To precisely control the fluidic flow, the on-chip pneumatically activated valve is devel-
oped."? The fabrication of the pneumatically activated valves is based on soft-lithography pro-
cedure.'™'> With the advantages of simple fabrication, easy integration and fast response time,
the pneumatic valve systems are more widely used”'®?° than many other types of valves for
microfluidics.'° However, the pneumatic valve also has the limitation that expensive external
hardware such as gas cylinders with pressure regulators is required. To address this issue, the
screw-actuated valves®*>! have been developed to directly’® or indirectly®' control the fluid
flow with small machine screws. However, these valve systems are slow in response time and
difficult to be integrated. Herein we developed a different type of manually actuated pneumatic
valves based on latching pneumatic valves.”>?? The valves allow us to combine with the
degassed polydimethylsiloxane (PDMS) dispensing method'®**~> to build a microdevice for
general serial assays.
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In the current work, manually actuated pneumatic valves were integrated in the microde-
vice, which circumvented the need for the expensive electromechanically operated valves or sy-
ringe pumps.’> We combined the degassed PDMS pumping method'®** with the manually
actuated pneumatic valves to control the solution dispensing and mixing. To illustrate the appli-
cation of the device, we used the microdevice to study the enzymatic kinetics of alkaline phos-
phatase. The microdevice consumes similar amount of reagent as the digital microfluidics does
but is much simpler to fabricate and operate.

Il. METHOD
A. Design of the pneumatic valve controlled microdevice

The schematic illustration of the pneumatic valve controlled microdevice is shown in
Figure 1. There are three reagents to be dispensed into the microwells: enzyme solution, sub-
strate solution, and the buffer solution for dilution (Figure 1). As shown in Figure 1(b), PDMS
is first degassed in a vacuum chamber to remove the air in PDMS. Once the PDMS microde-
vice is taken out and exposed to atmosphere, air will slowly diffuse back to the PDMS both
through the surface and the PDMS microchannel. When the reagent is placed at the inlet by
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FIG. 1. (a) The microphotograph of three parallel dispensing and mixing units in the pneumatic-valve controlled microde-
vice. On the microwell layer, there are three types of microwells for enzyme, substrate, and buffer solutions, respectively.
On the valve layer, there are one group of valves for mixing and two groups of dispensing valves: Valve group #1 for buffer
dispensing and Valve group #2 for substrate solution dispensing; (b) The dispensing strategy by degassed PDMS and the
valve. Upon opening the dispensing valves, the external atmosphere will drive the liquid reagents into the microchannel
due to the internal vacuum in the microchamber generated by the degassed PDMS. The red dots represent gas molecules in
air. (c) The valve-controlled mixing: (Top view) Upon opening the mixing valves, the external atmosphere will drive the
liquid reagents in the enzyme microwells to mix with other liquid reagents over the boundaries between the microwells.
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either inserting pre-loaded tubing or depositing the target solution directly at the inlet, the air
flow into the microchannel is blocked. The internal pressure in the microchannel will decrease
due to the continuous dissolving of air inside the microchannel into the PDMS. As a result, the
pressure difference between the external atmosphere and the PDMS microchannel will drive the
reagent into the microchannel.'®

In the experiment of enzyme analysis, the enzyme solution was dispensed into the micro-
wells directly through the fluid channels (Figure 1(a)). The substrate or buffer solution was
first aspirated into the microchannels, and then the pneumatic valves will control the dispens-
ing of the substrate or buffer solution from the microchannels to microwells (Figure 1(b)).
After the dispensing completed, enzyme assays was carried out by opening the mixing valves
(Figure 1(c)).

The dispensing of the sample solution was critically dependent on the vacuum power of
the degassed PDMS,'*?* which in turn depended on the thickness of the PDMS slabs and the
degassing time. In the current design, both the control layer and the fluid layer were ~5mm
thick. The experiment was immediately performed when the microdevice was taken out from
the ~5kPa vacuum chamber after 30 min degassing. The sample solution could completely fill
the microchannel in 10 s.

B. Fabrication of the microfluidic microdevices

The pneumatic valve controlled microdevice was fabricated by soft lithography.'*'> Two
molds were first prepared by photolithography: one for the pneumatic valve control layer and
the other for the reaction layer. A third flat silicon wafer was used to make the intermediate
thin PDMS membrane. Mixture of PDMS precursor and curing reagent (Sylgard 184, Dow
Corning) was used to fabricate the PDMS replica from the molds following the previously
reported procedure.'?!”-'®

To assemble the microdevice, the PDMS replica layer containing the pneumatic valves’
components was irreversibly bound with the thin membrane (thickness~ 10um), and then
reversibly bound with the PDMS replica layer containing the reaction microwells (Figure 2).
The pneumatic valve control layer contained the main channels (width 50 um X height 50 pum)
and the valve chambers (diameter 500um x height 50 um for mixing; diameter
200 um x height 50 um for dispensing), while the reaction layer contained the main channels
(width 50 um x height 50 um), branch channels (width 25 ym x height 50 um) and microwells.
The volume of the microwells for the enzyme reagent was constant at 5 nl (length
500 um x width 200 um x height 50 um), while the volume of the substrate microwells varied
from 5 nl to 0.625 nl, and the total volume of substrate and buffer in each reaction unit was
also constant at 5 nl.

C. Demonstration of the pneumatic valve controlled microdevice

The reagents loading and mixing of the pneumatic valve controlled microdevice is dem-
onstrated in Figures 3 and 4. As described previously, after the degassed PDMS microchip
was taken out from the vacuum chamber, the enzyme solution was aspirated into the micro-
wells directly through the branch channels. At the same time, the buffer solution was aspi-
rated into the center main channels, and the dispensing valves for the buffer were opened to
dispense the buffer into the buffer microwells (Figure 3). After the buffer dispensing com-
pleted, the buffer dispensing valves were closed, and the solution in the main channels would
be pushed into the chamber at the end. When air segments appeared in the main channels, the
substrate solution started to be aspirated into the main channels, and the substrate dispensing
valves would be opened. After all the microwells were filled with the proper solutions, and
there was no solution in the channels, the large mixing valves would be opened to start the
reaction (Figure 4). The valves were robust and fully closed and opened repeatedly through-
out the experiment.

For the current design of six reaction units, 1 ml plastic syringe is enough to control the
dispensing and mixing. We believe that with larger syringe up to a hundred reaction units
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FIG. 2. The microdispensing system with pneumatic valves is a multiplayer PDMS microdevice: (a) The configuration of
the multiplayer PDMS microdevice. The microwell layer shows only the reaction area in the scheme. (b) The photograph
of the syringe-controlled valve and the dispensing system.

can be integrated. The number of the reaction units in the device is limited by the vacuum
power of degassed PDMS. We have previously reported that with a single dispensing chan-
nel the filling time increased with the number of microchamber. Up to 100 microchambers,
the dispensing time was about 30 min.'” To integrate even more reaction units in one

enzyme

FIG. 3. Demonstration of the pneumatic valves controlled solutions dispensing. The device contains six reaction units,
each of which has three microwells of different volume ratios for serial analysis. (a) and (b) Enzyme solution was aspirated
to the microwells directly through the branch channels. At the same time, the dispensing valves for buffer were activated to
dispense the buffer solution. (c) and (d) After the buffer solution was dispensed completely, the buffer solution in channel
was removed (e) and (f) the third solution of substrate was dispensed by opening the substrate dispensing valves. For better
illustration, dye molecules were added into the three solutions: [Fe(phen)3]2+ for enzyme, [Fe(SCN)X]3_X for buffer and
KMnO, for substrate solutions.



054116-5 Zhou, Zhou, and Zheng Biomicrofluidics 7, 054116 (2013)

i en the mixin vies
a ; . ~interface = - pe g -

{

= e — o ;

|[FF’ g ' (d) Close the mixing vavles

*\—/ T I ~— T T

FIG. 4. Demonstration of the pneumatic valves controlled mixing. After all the microwells were filled with the proper solu-
tions, and there was no solution in the channels, the large mixing valves were opened to initiate the reaction. The solution
turned dark red when Fe(NO;); mixed with KSCN.

microdevice, the parallel dispensing microchannels and external degassed PDMS pump are
needed.>**

lll. RESULTS AND DISCUSSIONS
A. Reagents and materials

Alkaline phosphatase (Sigma-Aldrich) was dissolved in 10mM diethanolamine (DEA)
buffer, pH 10.1, containing 1 mM MgCl,. Enzyme concentrations were 6 U/ml for the standard
curve experiments and 0.1 U/ml for kinetic analysis. Fluorescein diphosphate (Sigma-Aldrich)
solutions of various concentrations were prepared in 10 mM DEA buffer.

1600 - 20nM  175nM  15nM

1400 -
1200 - |
1000 -
800 -
600 -
400 -
200 -

0 I ! L) 1

0 5 10 15 20
[FDP]/ nM

Fluorescence Intensity (a.u.)

FIG. 5. Results of the FDP calibration experiment. The straight line is the linear fitting of the data points. The error in the
data points ranged from 3% to ~10% RSD. The inset shows the fluorescent images of the reaction units containing different
FDP concentrations.
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The fluorescent images were taken by the confocal laser scanning microscope (Eclipse
Clsi, Nikon). The fluorescent intensities were analyzed by the NIS-Elements (Nikon).

B. Enzymatic activity

For this pneumatic valve controlled microdevice, one chip consisted of six reaction units,
while each reaction unit contained three microwells to accommodate the enzyme, substrate and
buffer solutions, respectively. The enzymatic reactions started immediately after opening the
mixing valves to mix the reagents. With the constant total volume and the different volume
ratios of the substrate and the buffer solutions, we were able to get the kinetics data with six
different substrate concentrations at the same enzyme concentration in one chip.

Calibration curve was first generated by this microdevice. The enzyme concentration was 6
U/ml, and the substrate concentrations for the valve-based system were 20, 17.5, 15, 10, 5,
2.5nM (Figure 5). The fluorescence response was linear over a range of two orders magnitude
of substrate concentration, which was limited by the detector.
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FIG. 6. (a) Plot of the fluorescence signals against time in the 96-well microplate after alkaline phosphatase (0.1 U/ml) and
FDP (1 uM) was mixed. (b) Lineweaver-Burk plot of the initial reaction velocity versus [FDP]~! with microdevice. The
values of V., K,,, and k., were obtained by analyzing the plots, V,,,. =28 nM s K,=29 uM, and k.., = 156 s L
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C. Enzymatic kinetics

About 30 s was required to mix the reagents completely with the microdevice, which was
the dead time for studying the kinetics. Therefore, the experimental conditions should be opti-
mized so that the reaction rate remained unchanged in the initial 50 s, considering that the data
collected in the first 20 s (from 30s to 50s) was used to calculate the initial rate. As shown in
Figure 6(a), the experiment results done in 96-well microplate showed that during the first 50 s
the reaction rate remained unchanged, so 0.1 U/ml or lower concentration of alkaline phospha-
tase was used to study the kinetics.

Mixing in the microchambers relied on both the diffusion and convection. The convection
was generated by the quickly open the mixing valves. For the current study, mixing could be
completed within 30 s. The boundary width between chambers and the height of the control
level affected the mixing efficiency. The boundary width was related to the diffusion distance
of the reagents. Therefore, the wider boundary width led to longer mixing time and lower mix-
ing efficiency. On the other hand, the higher the control level was, the more liquid was driven
through the opening of the valve, which would enhance the mixing efficiency. The microcham-
ber can be as small as 50 um x 50 um. Large microchamber size on the scale of mm would be
inappropriate for kinetics studies as the mixing time would be too long, unless extra compo-
nents such as piezoelectric actuator are integrated to enhance the mixing.*’

The initial reaction velocities were calculated and were plotted against fluorescein diphos-
phate (FDP) concentrations in a double-reciprocal Lineweaver-Burk plot [Figure 6(b)]. The
value of K,, and k., were obtained by analyzing the plots. The k., value was 156 s~ !, which
was consistent with the reported values around ~100s~ ' #38

IV. CONCLUSIONS

In this work, we demonstrated that the pneumatic valve controlled microdevice could
achieve solution dispensing and mixing by a single syringe. By pulling the syringe, a vacuum
was generated at the control channel, causing the deformation of the PDMS membrane. Due to
the pre-stored internal vacuum power generated by the degassed PDMS, the external atmos-
phere drove the fluids into the microchambers.

The microdevice allowed on-chip dilution and prepared different concentrations of the ana-
lytes in one run. The microdevice was validated by performing the Michaelis-Menten kinetics
analysis of alkaline phosphatase. The microdevice is simple, inexpensive and easy to operate,
and is suitable for serial assays and screeninglo’39 in bioanalysis.
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